The metabolic intermediate of acetaminophen (APAP) can cause severe hepatocyte necrosis, which triggers aberrant immune activation of liver non-parenchymal cells (NPC). Overzealous hepatic inflammation determines the morbidity and mortality of APAP-induced liver injury (AILI). Interleukin-1 receptor (IL-1R) signaling has been shown to play a critical role in various inflammatory conditions, but its precise role and underlying mechanism in AILI remain debatable. Herein, we show that NLRP3 inflammasome activation of IL-1β is dispensable to AILI, whereas IL-1α, the other ligand of IL-1R1, accounts for hepatic injury by a lethal dose of APAP. Furthermore, Kupffer cells function as a major source of activated IL-1α in the liver, which is activated by damaged hepatocytes through TLR4/MyD88 signaling. Finally, IL-1α is able to chemoattract and activate CD11b + Gr-1 + myeloid cells, mostly neutrophils and inflammatory monocytes, to amplify deteriorated inflammation in the lesion. Therefore, this work identifies that MyD88-dependent activation of IL-1α in Kupffer cells plays a central role in the immunopathogenesis of AILI and implicates that IL-1α is a promising therapeutic target for AILI treatment.
INTRODUCTION
Interleukin-1 (IL-1) plays a major role in the pathogenesis of various autoimmune, infectious and degenerative diseases. 1 IL-1 is produced by two distinct genes, IL-1α and IL-1β, both of which are first produced as 31-kDa peptides and then converted into17-kDa mature forms upon cleavage by specific proteases. 2 IL-1α and IL-1β also differ in their cell source and release mechanism. 1 The IL-1α precursor is constitutively expressed in the epithelial layers of the gastrointestinal tract, lung, liver, kidney and astrocytes, either as chromatin-associated or membrane-bound. 3 The IL-1α precursor is fully active and functions as an alarmin to initiate the early phases of sterile inflammation via direct release from necrotic cells. 4 The IL-1α precursor can be cleaved by proteases, such as granzyme B, elastase and calpain-1, leading to a marked enhancement of its bioactivity. 5 Secretion of the processed IL-1α is largely restricted to stimulated myeloid cells. 6 By contrast, the IL-1β precursor is produced by myeloid cells in response to Toll-like receptors (TLRs), inflammatory cytokines and activated complement components 1 and is released into extracellular spaces after the inactive IL-1β precursor is cleaved by caspase-1. Therefore, synthesis and release of IL-1β rely on caspase-1-activating inflammasomes, 7 notably the NLR family pyrin domain containing 3 (NLRP3). There is also the involvement of Caspase-1 independent mechanisms for IL-1β mediated inflammation, such as proteinase 3, elastase cleavage of the IL-1β precursor 8 and non-canonical inflammasome component caspase-11. 9 Intriguingly, although caspase-1 is not involved in IL-1α processing, in certain instances, activation of the inflammasome can promote extracellular release of IL-1α, possibly as a result of inflammasome-induced cell death. 6 Both IL-1α and IL-1β engage the same receptor (IL-1R1), with similar biochemical properties. 2 However, they have distinct impacts on immune regulation and inflammation, as exhibited in tumorigenesis and metastasis, 9 fatty acid-induced vascular response and atherosclerosis, 10 and mediation of carbohydrate metabolitedriven inflammation and aerobic glycolysis. 11 APAP-induced liver injury (AILI) is caused by an overdose of the over-the-counter analgesic drug acetaminophen (APAP). AILI is characterized by centrilobular hepatic necrosis. 12 The initial event of AILI is mediated by the toxic xenobiotic metabolite of APAP, N-acetyl-p-benzoquinone imine (NAPQI), which can be neutralized by administration of Nacetylcysteine. 13 Direct drug-induced hepatic damage occurs within the first few hours and partially accounts for the overall injury of AILI. 14 Necrotic hepatocytes can release damageassociated molecular patterns (DAMPs) that trigger an irreversible secondary injury mediated by the abnormal activation of the innate immune system. 14 DAMPs trigger both local and systemic sterile inflammation, 12 of which the IL-1R1/MyD88 signaling pathway is crucially involved. 4 Much debate has occurred regarding the requirement and role of the NLRP3 inflammasome and IL-1β in AILI. [15] [16] [17] Moreover, whether 18 or not 19 the ATP-driven P2X7 purinergic receptor is involved in the assembly of the NLRP3 inflammasome in AILI remains elusive. More recently, several studies have highlighted the critical role of IL-1α, but not IL-1β, in AILI. 4, 20 It is therefore necessary to determine both the cell source and target of IL-1 within the liver microenvironment to better understand the sterile inflammatory response in AILI.
In this work, we demonstrated that IL-1α, rather than IL-1β, is critically involved in the immunopathogenesis of AILI. Activation of IL-1α depends on Kupffer cells that sense and transduce DAMP signaling through the TLR4/MyD88 pathway. Moreover, CD11b + Gr1 + neutrophils and monocytes are targeted by IL-1α to amplify the inflammatory signals for AILI.
MATERIALS AND METHODS
Animals and treatment C57BL/6N mice were purchased from Vital River Laboratory Animal Tech Co. (Beijing, China). TLR3 − / − , TLR4 − / − , TLR7/9 − / − , MyD88 − / − , Trif − / − and MyD88 − / − /Trif − / − mice in a C57BL/6N background were purchased from Oriental BioService (kyoto, Japan), while IL-1R1 − / − mice (C57BL/6N background) and Caspase-1 − / − mice (NOD.129 background) were purchased from The Jackson Laboratory (MI, USA). Caspase-1 − / − mice were backcrossed to C57BL/6N for 410 generations before use. NLRP3 − / − mice in a C57BL/6N background 21 were kindly provided by Dr. Warren Strober (National Institutes of Health, USA). IL-1α − / − and IL-1β − / − mice were from a C57BL/6N background and had been described before. 22 All mice used in this study had a comparable pattern of cytochrome P450, family 2, subfamily e, polypeptide 1 gene (Cyp2e1) expression, GSH exhaustion and APAP adduct formation after APAP injection (Supplementary Figure S1) . Male age-matched (8-12 week old) mice were used throughout the study. All mice were maintained under specific pathogen-free conditions at the Institute of Biophysics or the Institut Pasteur of Shanghai, CAS. An APAP (Sigma-Aldrich, St Louis, CA, USA) solution (20 mg/ml in PBS) was made fresh for each experiment and was i.p. injected at different doses after mice were starved for 15 h. The animals were killed by ketamine/ xylazine injection at the indicated time for collection of sera and liver tissues. Animal experiments were performed in accordance with institutional guidelines approved by the Animal Care and Use Committee of each CAS institute.
Antibodies (200 μg, BioLegend, San Diego, CA, USA) against IL-1R1 (clone JAMA-147), IL-1α (clone ALF-161) and IL-1β (clone B122) were i.v. injected 1 h before APAP treatment. The in vivo blocking activities were reported by others. [23] [24] [25] For myeloid cell depletion, antibodies against Gr-1 (clone RB6-8C5) and Ly6G (clone 1A8) were i.p. injected (200 μg) 24 h before APAP injection. The depletion efficiencies were verified by FACS analysis. To offset any off-target effects by a given antibody, we routinely used isotype-matched immunoglobulin as a control.
Conditioned medium
Primary hepatocytes were isolated from wt mice by a two-step collagenase perfusion protocol. In brief, the hepatic portal vein was ligated and perfused first with HBSS containing 5 mM EDTA without Ca 2+ and Mg 2+ (Beyotime Co., China), then with HBSS containing 0.025% type IV collagenase (SigmaAldrich). After perfusion, the liver was excised and hepatocytes were suspended in serum-free DMEM (Gibco, MD, USA) and passed through a 100-μm strainer. The filtrate was centrifuged (50g for 3 min at 4°C), and the pelleted hepatocytes were resuspended in WEM containing 10% FBS (Gibco, MD, USA). The cells were plated (2 × 10 5 cells/ml) and stimulated with 10 mM APAP or DMSO for 16 h. The supernatants were collected, as conditioned media.
FACS analysis of hepatic nonparenchymal cells (NPCs)
Hepatic NPCs were isolated at the indicated time, as previously described. 26 All stainings were performed in PBS/2% FBS in the presence of purified anti-CD16/32 (BioLegend) at saturation to block nonspecific staining via FcRII/III. Multi-color flow cytometry was performed on a LSRFortessa (BD Biosciences, NJ, USA) after NPCs (1 × 10 6 ) were incubated with the indicated mAb (10 μg/ml). For intracellular staining, isolated NPCs were cultured in RIPI medium (Gibco, MD, USA) with Brefeldin A (1 μl per 10 6 cells; BioLegend) for 6 h before staining. The FACS antibodies (BioLegend) used were: AF700-NK1.1 (PK136), BV421-CD45R/B220 (RA3-6B2), F4/80-BV605 (BM8), PE/ Cy7-CD8α (53-6.7), APC-CD3ε (145-2C11), PerCP/Cy5.5-Gr-1(RB6-8C5), FITC-CD146 (ME-9F1), PE-IL1α (ALF-161), APC-CD121 (JAMA-147), APC-Cy7-CD11b(OX-42), FITCLy6G (1A8) and Ly6C-APC (HK1.4). 7-AAD (BioLegend) was used to exclude dead cells. Isotype controls were used where needed. The data were analyzed with FlowJo software (TreeStar, OR, USA).
Serology and serum chemistry
Mice were bled retro-orbitally at the indicated time post APAP challenge. Serum (10 μl) cytokines and chemokines were measured with Milliplex MAP kits (Millipore, MA, USA) in the FLEXMAP 3D system (Luminex, Austin, TX, USA). The data were analyzed by xPONENT software (Luminex). Serum (20 μl) ALT and AST were measured in an automated Blood Chemistry Analyzer (ZS-200B, BioSino Biotech, China).
Macrophage depletion, purification and adoptive transfer For macrophage depletion, mice were i.p. injected with 200 μl of clodronate liposomes, as previously described. 27 To elicit peritoneal macrophages, mice of different genetic backgrounds were i.p. injected with 2 ml of a 4% thioglycollate broth (Sigma-Aldrich) for 3 days. To adoptively transfer macrophages, the indicated donor peritoneal macrophages (5 × 10 6 cells/ml) were i.v. transferred to recipient mice 48 h after liposomal depletion of Kupffer cells. Both the depletion and reconstitution efficiencies were monitored by immunofluorescent staining of liver sections with rat anti-mouse F4/80 mAb (Serotec, Oxford, UK). To improve the survival rates of the recipient mice after adoptive transfer of different cells at 24 hpi, a slightly lower dose of APAP (550 mg/kg) was administered to mice 24 h after macrophage reconstitution.
APAP adducts detection
APAPcysteine (APAP-Cys) adducts were measured by highpressure liquid chromatography with electrochemical detection according to the method of Miteshkumar et al. 28 Briefly, a 100-mg portion of frozen liver was mixed with 0.2 ml of PBS (pH 7.4) and homogenized. The supernatant was placed on a Nanosep centrifugal device with a membrane weight cutoff of 30 kDa. The protein retained on the membrane was washed and then mixed with a protease E solution (8 units/ml, Pronase E type XIV, Sigma-Aldrich), followed by incubation at 50°for 16 h on a heating block. The digest was transferred to a conditioned Nanosep centrifugal device and centrifuged at 12 000g for 10 min to collect the filtrate. The membrane on the filtration device was rinsed twice with distilled water, and the washings and filtrate were pooled. This solution was injected into the liquid chromatograph. The APAP-Cys standard (C994750, TRC) was dissolved in 1 ml of DMSO at 5 mg/ml.
Real-time PCR
Total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) from liver tissue, PC or NPC. Quantitative RT-PCR (7500, ABI) was carried out using gapdh as the internal control. The primers used were: Cyp2e1-F: TAGC CATGCAGGACCACGA, Cyp2e1-R: CGTTAGGCCATGTCA CAAGTAGC, IL-1R1-F: CTGCTGTCGCTGGAGATTG, IL--1R1-R: GGGTCTTGCTGTCATTCTTGT, IL-1α-F: TGAAG AAGAGACGGCTGAGT, IL-1α-R: TGGTAGGTGTAAGGT GCTGAT, IL-1β-F: AATCTCGCAGCAGCACATC, IL-1β-R: CCAGCAGGTTATCATCATCATCC, GAPDH-F: AATCCC ATCACCATCTTCC, GAPDH-R: CATCACGCCACAGTTTCC.
Histochemistry H&E stains of formalin-fixed paraffin-embedded liver tissues (right lobules, slice thickness 5 μm) were performed according to the manufacturer's instructions (Leica, Germany). The statistical results of the necrosis area were averaged from 20 random view fields of each section (×200 magnification) using ImageJ software. IHC was carried out with a 1:200 dilution of the primary antibody to F4/80 (Serotec) using a tyramide signal amplification kit (Invitrogen). The images were acquired by a Leica SCN400 digital slide scanner and analyzed with QWin V3 imaging software (Leica, Germany).
Statistics
All in vivo experiments were repeated at least times for confirmation, and the representative results of one experiment are shown. Kaplan-Meier plots and statistical analysis were performed using GraphPad Prism software version 5.01. An unpaired two-tailed Student's t-test was used to compare groups. A P value of o0.05 was considered significant.
RESULTS

Aberrant innate cell infiltration and activation in response to AILI
Previous studies have shown that mice of different genetic backgrounds respond to APAP rather differently; therefore, we managed to unify all mice used in this study under the C57BL/ 6N type. To precisely determine the role of IL-1 signaling in AILI, we carefully calibrated lethal doses (LD) of APAP by i.p. administration of various doses of APAP (400-800 mg/kg) in mice. The LD 50 at 48 h post injection (hpi) was determined at 600 mg/kg and was used throughout the study, except where specified (Supplementary Figure S2a) . Under the regimen of LD 50 = 600 mg/kg, the livers showed typical centrilobular hepatic necrosis and increased ALT and AST in serum ( Supplementary  Figures S2b and c) . The cell counting assay of liver NPC in APAP-treated mice showed that the majority of infiltrated leukocytes were neutrophils (CD11b high F4/80ˉGr-1 high ) and monocytes (CD11b high F4/80 int Gr-1 int ), in agreement with previous work. 29 Neutrophils started infiltrating as early as 6 hpi and peaked at 12 hpi, followed by an influx of monocytes. Liver resident macrophages/Kupffer cells (CD11b int F4/80 high ), NK/NKT (CD3 − NK1.1 + / CD3 + NK1.1 + ), DC (CD11c + ) or T (CD3 − NK1.1 − ) cells were unaltered after APAP administration (Figure 1a ; see Supplementary Figure S2d for gating strategies). Furthermore, the measurement of proinflammatory cytokines and chemokines (PICC) before and after APAP treatment showed that serum IL-1α, IL-6, KC/ CXCL1, MCP-1, G-CSF and MIG were preferentially elevated, in contrast with the undetectable IL-1β, IFN-γ or other PICCs throughout the course of the study (Figure 1b) . Up-regulation of KC, MCP-1 and MIG agreed with the hepatic infiltration and activation of neutrophils and monocytes, 30 and the increase of IL-6 was indicative of macrophages/Kupffer cells mediating the response to APAP. 31 IL-1α but not IL-1β exacerbated the immunopathology in AILI The aforementioned response of IL-1α, but not IL-1β, to APAP stimulation agreed with previous studies, 15, 16 but contradicted another study. 17 Therefore, it was necessary to clarify whether IL-1α or IL-1β participated in AILI and how. Quantitative RT-PCR (qPCR) analysis of liver cells showed that APAP stimulation could weakly activate transcription of IL-1β, primarily in PC cells (Figure 2a) . Liver PC cells are known to be ineffective in inflammasome processing and activation. 32 Indeed, caspase-1 was hardly activated after i.p. injection of APAP in wt mice (Figure 2b ). Ineffective IL-1β activation also suggested that inflammasomes might not be involved in the modulation of AILI. Consistent with this hypothesis, NLRP3 − / − and Caspase-1 − / − mice showed a similar morbidity and mortality to AILI as the wt littermate controls (Figure 2c) . Therefore, inflammasomes, including the NLRP3 inflammasome, would be dispensable for AILI, as suggested by other studies. 15, 16, 19 More importantly, the same panel of experiments revealed a relatively more effective induction of IL-1α transcription in NPC cells (Figure 2a) . Therefore, IL-1α and IL-1β responded to APAP differentially, with IL-1α swiftly induced and secreted into circulation. To confirm that IL-1α rather than IL-1β was accountable for AILI, mice were pre-treated with blocking antibodies to IL-1α, IL-1β or an isotype control prior to APAP injection. The results showed that blockade of IL-1α, but not IL-1β, effectively rescued mice from AILI lethality (Figure 2d) . Blockade of IL-1α correlated with significantly reduced hepatic necrosis ( Figure 2e) ; serum ALT and AST ( Figure 2f) ; serum levels of inflammatory cytokines, such as IL-6 and KC ( Figure 2g) ; and hepatic infiltration of neutrophils and monocytes (Figure 2h ). Taken together, these findings indicated that IL-1α signaling played a critical role in AILI. In contrast, the NLRP3/IL-1β inflammasome and its activation might exhibit only a trivial impact on AILI.
IL-1α secreted by Kupffer cells attributed to AILI
To explore the intrahepatic cell source of IL-1α in response to AILI, hepatic NPCs were isolated after APAP stimulation and assayed for IL-1α by intracellular staining. Flow cytometric analysis (Figure 3a ) strikingly showed that over 90% of the IL-1α-staining cells were dominantly Kupffer cells after 6 hpi (CD11b int F4/80 high ) and not other leukocytes (including Gr-1 + , NK, NKT, DC, T or B cells) or liver sinusoidal endothelial cells (LSEC, CD45 − CD146 + ). The proportion of IL-1α-positive cells increased by almost three-fold after APAP stimulation for 6 h (Figure 3a) . Kupffer cells have been reported to be proinflammatory mediators to initiate and/or amplify hepatic injury in the early phase of AILI. 33 To test whether Kupffer cells were a major IL-1α producer, we used clodronate liposomes to deplete Kupffer cells in the liver before APAP injection (Figure 3b ). The removal of Kupffer cells significantly improved survival rates early in APAP injection (Figure 3c ) and liver injury (Figure 3d) , which was concomitant with a reduction in the serum levels of IL-1α, IL-6 and KC (Figure 3e ). Adoptive transfer of isolated macrophages rendered those Kupffer cell-depleted mice sensitive to AILI (Figures 3c-e) . To further test whether the IL-1α of macrophage origin played a role in AILI, mice depleted of Kupffer cells by clodronate liposomes were adoptively transferred with macrophages isolated from wt, IL-1α − / − or IL-1β − / − mice. Mice reconstituted with IL-1α-deficient macrophages were resistant to AILI, with much less liver injury (Figure 3f ) and lower serum PICCs (Figure 3g ) than mice reconstituted with wt or IL-1β − / − macrophages (Figures 3f and g ). Therefore, Kupffer cells, although not the only cell source, might serve as an important producer of IL-1α in mediating the immunopathogenesis of AILI. Of note, Kupffer cells also play a protective role in liver homeostasis, 34 as characterized by the regulation of homeostasis and integrity of LSEC, 35 portal vein tolerance 36 and prolonging of liver allograft survival. 37 This was demonstrated at the recovery stage (after 24 hpi) of AILI, when Kupffer-depleted mice showed more severe liver injury and poorer survival rates (Figures 3c and d) . This finding of a dual role of Kupffer cells in AILI, which is deteriorative in the initial phase and protective in the solution phase, is also confirmed by other observations. 38 
TLR4/MyD88 signaling mediated IL-1α activation in Kupffer cells
TLRs have long been suggested to play a role in the sterile inflammatory response to AILI. For example, TLR2, 39, 40 TLR3, 41 TLR4 (refs 33,42-44) and TLR9 (ref. 17) have been reported to contribute to AILI. In agreement with these previous studies, TLR3 − / − , TLR4 − / − and TLR7/9 − / − mice all showed improved survival rates (Supplementary Figure S3a) , as well as decreased hepatic necrosis (Supplementary Figure S3b) and serum ALT and AST (Supplementary Figure S3c) after APAP challenge. Notably, alleviation of TLR4 gave rise to profound protection and significant reduction in serum IL-1α and other PICC levels (Supplementary Figure S3d) .
To test whether the TLR4 signaling pathway regulates IL-1α production in macrophages, mice depleted of Kupffer cells by clodronate liposomes were adoptively transferred with macrophages isolated from wt, TLR3 − / − , TLR4 − / − , TLR7/9 − / − , MyD88 − / − , Trif − / − or MyD88 − / − /Trif − / − mice. Mice reconstituted with macrophages of TLR3 − / − , Trif − / − or TLR7/9 − / − origin became sensitive to AILI, with liver necrosis (Figure 4a ), injury (Figure 4b ), serum IL-1α and other PICCs elevated to similar levels as wt mice or mice reconstituted with wt macrophages (Figure 4c ). By contrast, supplementation with TLR4 − / − or MyD88 − / − macrophages failed to sensitize mice to AILI (Figures 4a-c) . These results therefore suggested that TLR4/MyD88 activation in Kupffer cells accounted for the immunopathogenesis of AILI. To substantiate this notion, we added conditioned medium prepared from APAP-treated primary hepatocytes (APAP CM; IL-1α and KC undetectable, data not shown) to peritoneal macrophages of different genetic backgrounds. First, IL-1α and KC expression in macrophages was activated by APAP CM and the conditioned medium prepared from heat-killed hepatocytes (Figure 4d ). By contrast, APAP by itself or conditioned medium from DMSO-treated hepatocytes (DMSO CM) failed to activate macrophages. Second, detection of IL-1α and KC in supernatants showed that macrophages from wt, TLR3 − / − , Trif − / − or TLR7/9 − / − mice, but not from could be activated by DAMPs released from necrotic hepatocytes (Figure 4e ). Taken together, these results strongly indicated that TLR4/MyD88 signaling in Kupffer cells was involved in IL-1α-mediated AILI. Because MyD88 is the adapter for both IL-1R1 and TLR4 signaling, it is intriguing to speculate that MyD88 in Kupffer cells could be simultaneously engaged by two pro-inflammatory signals, one being the DAMPs released from necrotic hepatocytes, such as HMGB1 on TLR4, 45 and the other the potentiation of IL-1α signaling on IL-1R1 via an autocrine mode. 46 Both neutrophils and monocytes were target cells of IL-1α in AILI IL-1α serves as an alarmin to activate an array of PICC in the early phase of sterile inflammation. The important role of IL-1R1 or activation of IL-1R1 by IL-1α, but not IL-1β, in potentiating AILI has been shown by two recent studies. 4, 20 To determine the potential effector cells of IL-1α signaling in AILI, IL-1R1 expression in liver cells was analyzed. IL-1R1 expression was elevated preferably in NPC but not PC cells post APAP injection, as measured by qPCR analysis (Figure 5a ). Thus, IL-1R1 deficiency (Supplementary Figures S4a-c) Figure S5 for FACS data). To substantiate that Gr-1 + myeloid cells play a more important role in AILI, we used an anti-Gr1 antibody to deplete both neutrophils and monocytes and an anti-Ly6G antibody to deplete only neutrophils (depletion efficacy in Supplementary Figure S6a ). As expected, mice lacking neutrophils and/or monocytes showed improved survival (Supplementary Figure S6b) and reduced serum ALT and AST levels (Supplementary Figure S6c) , with depletion of both cells being most protective. Although the Gr1 antibody may protect AILI by activation of metallothionein, 47, 48 protection from neutropenia by the Ly6G antibody would support the deleterious role of neutrophils in AILI. 29, 49 Intriguingly, removal of neutrophils or monocytes showed little effect on PICC activation in response to APAP (Supplementary Figure S6d) , implying that these myeloid cells function downstream of AILI-associated PICCs. How these activated myeloid cells inflict hepatic damage remains to be determined. Taken together, these results indicated that Gr-1 + myeloid cells could be targeted by IL-1α to orchestrate pathological alteration in AILI. 
DISCUSSION
AILI is recognized as a 'two-hit' process: the first hit is caused by the intracellular toxic signaling of the APAP metabolites, while the second hit is the result of the acute necrotic inflammatory response. The underlying mechanisms of the second hit are still under debate. This work attempts to propose that DAMPs, which are released from necrotic hepatocytes by the first hit, would engage TLR4/MyD88 signaling in Kupffer cells to activate and secrete IL-1α. IL-1α then activates IL-1R + cells, for example, neutrophils, via a paracrine loop to promote hepatic injury during the early phase of AILI. The central role of TLR signaling in the immunopathogenesis of AILI is supported by the recent findings that several ligands for TLR4, such as HMGB1 43,50-52 and extracellular histones, 39 can promote APAP-induced liver inflammation. This work further shows that TLR4 in Kupffer cells might play a critical role in the production and amplification of IL-1α.
Both IL-1α and IL-1β can be activated by TLR signaling and have similar properties through IL-1R1 in the mediation of sterile inflammation. 12 However, the dichotomy of IL-1 activities, as shown in this work and others, 1 suggests that their precise roles may vary under different physiological and pathological conditions. As an alarmin, IL-1α could be released by necrotic cells directly, 53, 54 dependent on the intracellular decoy IL-1R2 and caspase-1 55 or by immune cells as a secondary signaling molecule. 4, 56 Importantly, this study managed to show that necrotic hepatocytes did not secrete IL-1α or KC, whereas macrophages were the major cell source for IL-1α in vivo. Therefore, it is highly likely that during AILI, IL-1α is predominantly secreted by Kupffer cells in response to DAMPs released from necrotic hepatocytes.
The roles of Gr-1 + myeloid cells in the regulation of AILI are still under debate. 57 The controversy surrounding the role of neutrophils in AILI, either as irrelevant 58, 59 or damagepromoting, 43, 60 is probably related to the experimental settings. Neutrophils enriched and sustained in the liver after acute injury may also facilitate injury resolution. 61 By using antibodies that differentiated neutrophils from monocytes, this work was able to show that neutrophils were the major target cells of IL-1α in AILI. Whether other IL-1R + cells, such as LSEC, as shown in Figure 5b , might also be involved in this process remains to be determined. Moreover, before this work, monocytes had not been separated from liver-infiltrated macrophages, which has also caused a conflicting interpretation of the role of macrophages in AILI as being either deteriorative 62 or protective. 30, 63, 64 In contrast, this work has provided a definitive answer regarding the bipartite role of Kupffer cells in the different phases of AILI progression. Kupffer cells were deteriorative during the acute phase of AILI but protective during the recovery phase of AILI.
Last, N-acetylcysteine is commonly administered to treat APAP overdose-induced acute liver failure, which has considerable limitations, such as a narrow therapeutic window and adverse effects. 65 This work suggests that IL-1α antagonism might be a promising treatment to buffer the second hit of AILI, considering that IL-1α antagonists are already in use or in clinical trials for the treatment of arthritis and other acute inflammatory syndromes. 66 
